Among the different chemical and physical treatments used to remove the color of the textile effluents, bioremediation offers many benefits to the environment. In this study, we determined the potential of Spirulina platensis (S. platensis) for decolorizing indigo blue dye under different incubation conditions. The microalgae were incubated at different pH (from 4 to 10) to calibrate for the optimal discoloration condition; a pH of 4 was found to be optimal. The biomass concentration in all experiments was 1 g/L, which was able to decolorize the indigo blue dye by day 3. These results showed that S. platensis is capable of removing indigo blue dye at low biomass. However, this was dependent on the treatment conditions, where temperature played the most crucial role. Two theoretical adsorption models, namely (1) a first-order model equation and (2) a second-order rate equation, were compared with observed adsorption vs. time curves for different initial concentrations (from 25 to 100 mg/L). The comparison between models showed similar accuracy and agreement with the experimental values. The observed adsorption isotherms for three temperatures (30, 40, and 50 • C) were plotted, showing fairly linear behavior in the measured range. The adsorption equilibrium isotherms were estimated, providing an initial description of the dye removal capacity of S. platensis.
Introduction
In recent years, the presence of micro and nanopollutans in water resources has become a common challenging issue for water and wastewater treatment processes. These pollutants consist of natural and human waste substances, which include pharmaceuticals, personal care products, steroid hormones, industrial chemicals, heavy metals, radioactive elements, pesticides, and many other emerging compounds. The term is derived from the substance concentrations ranging from a few ng/L to several µg/L [1, 2] .
The micropollutants are not affected by the usual biological treatment. In the wastewater treatment plants, the dissolved pollutant transfer from source to the environment in accumulative and pseudo-second-order models, Lagergren's first-order equation, Zeldowitsch's model, and Ho's second-order expression [46] .
In this study, we examined the mathematical correlation between experimental data and isotherm curves, starting from a simple geometrical model of diffusion to obtain the first-order classical kinetic model. A second-order model is presented for comparison of the results. Both models showed similar accuracy and presented a good approximation to experimental values. Similarly, adsorption equilibrium isotherms were estimated, providing an initial description of the dye removal capacity of the algae.
Materials and Methods

Inoculum Preparation
A calibration curve was created with a stock solution of indigo blue synthetic dye (Sigma-Aldrich, San Luis, MO, USA) for concentrations ranging from 50 to 800 mg/L. Then, the optical density was measured at 600 nm by UV-Vis spectrophotometer (HACH, Loveland, CO, USA) [47] . For the determination of the point of zero charge (pHzpc), 25 mL solutions of microalgae were prepared at different pH (3, 5, 7, and 9) in triplicate, each flask was incubated at 140 rpm and 25 • C, and after 24 h underwent pH measurement. We analyzed pH (4, 5, 6, 7, 8, 9, and 10) , dye concentration (6.25,12.5, 25, 50 , and 100 mg/L), temperature (30, 40 and 50 • C), and time (0 to 4 days). Each one of the tests was conducted by dissolving the lyophilized microalga in distilled water to the concentration of 1 g/L.
All tests were performed in triplicates by incubating for 24 h at 3000 rpm in an incubator (Shel Lab, Orlando, FL, USA). All the samples were centrifuged at 10,000 rpm in a centrifuge prism (Thermo scientific, Waltham, MA, USA) for 2 min at the time of measuring the optical density.
Experimental Design
To define the optimum pH, we prepared 12.5 mL solutions of microalgae at different pH (4, 5, 6, 7, 8, 9, and 10) in triplicate in tubes. Simultaneously, 12.5 mL solutions of indigo blue at a concentration of 50 mg/L were processed at the same pH. A 1 mL sample was taken from each tube was centrifuged at 10,000 rpm for 2 min, and we measured the optical density of the supernatant. After, all the tubes were incubated at 3000 rpm for 24 h. The resultant samples were used to measure the optical density and pH to determine the highest removal rate.
To measure the effect of time and concentration, around 12.5 mL solution of microalgae was prepared at optimum pH. In tubes, we processed 12.5 mL solutions of indigo blue at concentrations of 25, 50, 75, and 100 mg/L were processed at the same pH. A 1 mL sample was removed from each tube, then centrifuged at 10,000 rpm for 2 min, and we measured the initial optical density of the supernatant. Subsequently, all the tubes were incubated at 3000 rpm for 4 days and we removed samples at the same time each day to measure the respective optical density.
To measure the effect of temperature, we also used 12.5 mL solutions of microalgae at optimum pH. Similarly, we prepared 12.5 mL solutions of indigo blue in tubes at concentrations of 6.25, 12.5, 25, 50, and 100 mg/L at the same pH. From each of the tubes, we removed a 1 mL sample, which was then centrifuged at 10,000 rpm for 2 min, and we then measured the optical density of the supernatant. Afterward, all the tubes were incubated at 3000 rpm for 4 days. The experiment was conducted consistently at 30, 40, and 50 • C.
The removal percentage is calculated according to the following formula:
where D is the discoloration of the indigo blue (%), C i is the initial concentration (mg/L), and C t is the concentration over time (mg/L). The total adsorption is calculated as follows:
where Q is the total absorbed quantity of indigo blue (mg/L). Finally, the adsorption capacity is:
where q (mg/g) is the adsorption capacity, and B is the concentration of biomass (g/L), which was consistently 1 g/L for all experiments. The study conditions are summarized in Table 1 . 
Mathematical Models
We first used a geometrical model for the diffusion equation, and we assumed that S. platensis could be modeled as a large cylinder with a radius much less than its length [48] . The diffusion equation can be expressed as:
where C is the equilibrium concentration (mg/L), α is the rate constant (h −1 ), r is the radius, and t is the time (h). Equation (4) can be solved by separation of variables with solution C(r, t) = R(r) × C(t), where the radial solution R(r) can be obtained from the differential equation:
where γ is the constant of separation, and the temporal solution comes from C(t) = C t , that is,
Equation (5) is solved using the Bessel equation of the first kind of order zero. However, in this work, the adsorption overtime was more important rather than the radial adsorption in Spirulina. For this reason, our analysis focused on Equation (6) , which represents the first-order classical kinetic model of total adsorption [43] . Its solution is:
where C i is the initial concentration of the solution of the blue indigo dye. The rate constant α is related to the adsorption capacity or how fast the dye solution is transferred to the Spirulina cells. The constant γ is related to the radial adsorption capacity of the Spirulina cylindrical geometry.
A second-order model presented by Ho [46] was adopted as an alternative approach to comparing the first-order model. This is a linear form of the typical second-order rate equation:
where C t (2) is the concentration (mg/L), C i is the initial concentration (mg/L), t is time (h), and k 2 is the rate constant (L/(mg h)) or how fast the dye solution is transferred to the Spirulina cells.
Statistical Analysis
Experimental results were analyzed using R 3.3.3 (R Foundation for Statistical Computing, Vienna, Austria) using a significance of 95%. Linear regression was used for isotherms, whereas adsorption vs. time curves were fitted with nonlinear regression. Therefore, in these cases, the root mean squared error (RMSE) or residual standard error (RSE) is provided instead of the coefficient of determination (R 2 ) to compare the quality of the fit. In all cases, the fitted parameters were found to be statistically significant. The model selection criterion (MSC) [49] was applied to compare the fitted models.
Results and Discussion
Concentrations of the dye were measured via optical density (OD). The standard curve of indigo blue can be expressed using a linear function, OD = m × C + b, which is OD = 0.003C + 0.0348, where OD is the optical density at 60 nm and C is the concentration (mg/L). The R 2 of the curve was of 0.9989.
Optimum pH
Adsorption measurements were recorded at different pH values after 24 h to establish the optimum operating conditions. Figure 1 shows the measured removal percentages as a function of pH. The maximum removal of 46.84% was achieved at pH 4, which was determined to be the optimum pH for this process. It is possible that the protonation of some functional groups of the dye is present. At pH 5, you can have less load, so it will be more complicated to have high adsorption. This phenomenon may not occur in the other tested pH. Therefore, the remainder of the experiments were conducted at a pH of 4. where Ct (2) is the concentration (mg/L), Ci is the initial concentration (mg/L), t is time (h), and k2 is the rate constant (L/(mg h)) or how fast the dye solution is transferred to the Spirulina cells.
Statistical Analysis
Results and Discussion
Optimum pH
Adsorption measurements were recorded at different pH values after 24 h to establish the optimum operating conditions. Figure 1 shows the measured removal percentages as a function of pH. The maximum removal of 46.84% was achieved at pH 4, which was determined to be the optimum pH for this process. It is possible that the protonation of some functional groups of the dye is present. At pH 5, you can have less load, so it will be more complicated to have high adsorption. This phenomenon may not occur in the other tested pH. Therefore, the remainder of the experiments were conducted at a pH of 4. This result contrasts those reported in previous articles [34] , where the authors analyzed the optimal pH of the microalga Scenedesmus and identified pH 7.5 as optimal for discoloring the indigo blue. Petrović et al. [50] reported an optimal pH of 2.0 for a new biosorbent, synthesized by chemically modifying Lagenaria vulgaris shell with ZrO2 and abbreviated as LVB-ZrO2 with blue textile dye RB19.
Once pH was measured after 24 h, the pHzpc was obtained at 7.7 of pH for Spirulina. In contrast again, for LVB-ZrO2 with RB19 dye, a pHzpc of 5.49 was determined. This result contrasts those reported in previous articles [34] , where the authors analyzed the optimal pH of the microalga Scenedesmus and identified pH 7.5 as optimal for discoloring the indigo blue. Petrović et al. [50] reported an optimal pH of 2.0 for a new biosorbent, synthesized by chemically modifying Lagenaria vulgaris shell with ZrO 2 and abbreviated as LVB-ZrO 2 with blue textile dye RB19.
Once pH was measured after 24 h, the pHzpc was obtained at 7.7 of pH for Spirulina. In contrast again, for LVB-ZrO 2 with RB19 dye, a pHzpc of 5.49 was determined.
Measurement of the Effect of Time and Concentration
The amount of absorbed dye as a function of time was measured for four different initial concentrations of indigo blue (25, 50, 75 , and 100 mg/L) for 96 h. Figure 2 shows the observed experimental values (solid dots with error bars) and two fitted models for each initial concentration, where the dashed line is the first-order model in Equation (7) and the solid line is the second-order rate model in Equation (8) [46] . Only one parameter was fitted to have more meaningful parameter values in all models [41, 49, 50] .
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For the first-order model, the fitted parameter was the adsorption rate, and the maximum adsorption (Qe) was fixed to 91% of the initial concentration (Ci) since we observed that the adsorption process reached equilibrium after three days and the amount of dye absorbed was consistently around an average of 91% of the initial concentration (C0) in all cases ( Table 2) . Table 2 . Observed and expected total adsorptions for different initial concentrations. The expected value of the adsorption was 91% of the initial concentration taken from the average equilibrium adsorption measurements after three days.
Ci (mg/L) Expected Qe (mg/L) = 0.91Co Observed Average Qe (mg/L) (95% Ci) 25 In the second-order model, the only parameter is the rate constant. Table 3 shows the fitted values for each concentration and model combination. Since the models are not linear, R 2 values are not obtained; instead, the RMSE or RSE of the fit is presented. (7). Solid lines represent a fit to the second-order rate in Equation (8) [46] , q is the adsorption capacity of the microalgae, and t is the time in hours.
For the first-order model, the fitted parameter was the adsorption rate, and the maximum adsorption (Q e ) was fixed to 91% of the initial concentration (C i ) since we observed that the adsorption process reached equilibrium after three days and the amount of dye absorbed was consistently around an average of 91% of the initial concentration (C 0 ) in all cases ( Table 2) . Table 2 . Observed and expected total adsorptions for different initial concentrations. The expected value of the adsorption was 91% of the initial concentration taken from the average equilibrium adsorption measurements after three days.
C i (mg/L)
Expected Q e (mg/L) = 0.91C o Observed Average Q e (mg/L) (95% C i ) 25 In the second-order model, the only parameter is the rate constant. Table 3 shows the fitted values for each concentration and model combination. Since the models are not linear, R 2 values are not obtained; instead, the RMSE or RSE of the fit is presented. Table 3 . Fitted parameters for adsorption vs. time curves at different initial concentrations (25, 50, 75 and 100 mg/L): first-order model in Equation (7) and a second-order rate equation (Equation (8)) [46] . (SE for square error, RMSE for root-mean square error, MSC for model selection criterion). To compare between models, the MSC [49] was applied by assigning equal weights to all measured data points:
Ci (mg/L)
First-Order
where d is the number of data points, λ is the number of fitted parameters, C j is the jth observed concentration from the replicate experiments, C is the average of observed concentrations, C m j is the model calculated concentration corresponding to the jth replication, and w j is a weighting factor (optional). For the first-order model, rate constants increase with larger initial concentrations of dye. In contrast, for the second-order model, rate constants decrease with larger initial concentrations of dye (within statistical error), behaving more consistently with similar studies of contaminant adsorptions of algae [51] . Despite this inconsistency, both models have good predictability (>90%, as seen from the observed residual standard errors). The estimated MSC values show that both models have similar accuracies at all initial concentrations, but the first-order model is consistently slightly better.
Measurement of the Effect of the Temperature and Concentration
The effect of temperature on the adsorption was analyzed plotting equilibrium adsorption isotherms for 30, 40, and 50 • C, where q e (Equation (1)) on the vertical axis is the amount of dye absorbed in the biomass at equilibrium and C e on the horizontal axis represents the amount of dye remaining in the solution at equilibrium (all measurement were recorded after four days). Figure 3 shows that the removal of the blue indigo dye is more effective as temperature increases within the experimental range. For this case, the maximum adsorption was observed at 50 • C, where the amount of absorbed dye was consistently 10.22 times the amount remaining in solution at equilibrium. We found no sign of saturation in the range of concentration and temperature examined. All 30, 40, and 50 • C isotherms were fairly linear type C within the measured range [43] . Table 4 shows the obtained values for a linear fit with an intercept of the origin (q e = b o C e ) for each isotherm of Figure 3 , where b o represents the slope of the linear model, where the initial concentrations were 6.25, 12.5, 25, 50 and 100 mg/L. Table 4 shows the obtained values for a linear fit with an intercept of the origin (qe = boCe) for each isotherm of Figure 3 , where bo represents the slope of the linear model, where the initial concentrations were 6.25, 12.5, 25, 50 and 100 mg/L.
The strong correlation (fit) for each isotherm shows the linearity of the measured range, where the high dependence on the temperature suggests a chemical adsorption process. Furthermore, from 40 to 50 °C, we see a significant change in the order of magnitude of the slope bo, which indicates the process needs more energy for a more efficient reaction. In contrast, for Chlorella vulgaris [51] , the maximum adsorption equilibrium is reached at lower temperatures (25 and 35 °C), suggesting a different mechanism of adsorption for both species. 
Conclusions
Our findings prove that despite having lyophilized biomass, physicochemical conditions are essential when trying to remove indigo blue dye from the solution.
The optimum operating pH was found to be 4 with high variations. This means that the conditions under which the algae perform the removal may vary depending on the species or the conditions under which the dye is tested.
In the experiment, the measured range equilibrium absorptions were consistent around 91%, showing no saturation; however, similar measurements in the literature show saturation at going to significantly higher initial concentrations.
In terms of the temperature, the isotherms were fairly linear in the measured range, and we observed that the removal capacity increases with temperature within the experimental range (30-50 °C) regardless of the initial dye concentration. Similar measurements reported in the literature are as follows: Azu and Tezer [51] observed nonlinear behavior in the absorption isotherms of Remazol Black B (RB) dye by Chlorella vulgaris. However, the measurements were recorded in a significantly wider dye concentration range. Physical adsorption models provide good predictability (<90%) in The strong correlation (fit) for each isotherm shows the linearity of the measured range, where the high dependence on the temperature suggests a chemical adsorption process. Furthermore, from 40 to 50 • C, we see a significant change in the order of magnitude of the slope b o , which indicates the process needs more energy for a more efficient reaction. In contrast, for Chlorella vulgaris [51] , the maximum adsorption equilibrium is reached at lower temperatures (25 and 35 • C), suggesting a different mechanism of adsorption for both species.
In terms of the temperature, the isotherms were fairly linear in the measured range, and we observed that the removal capacity increases with temperature within the experimental range (30-50 • C) regardless of the initial dye concentration. Similar measurements reported in the literature are as follows: Azu and Tezer [51] observed nonlinear behavior in the absorption isotherms of Remazol Black B (RB) dye by Chlorella vulgaris. However, the measurements were recorded in a significantly wider dye concentration range. Physical adsorption models provide good predictability (<90%) in adsorption vs. time curves. Both first-and second-order models show similar accuracies, but the first-order model is consistently better (as shown by estimated MSC and residual values) independent of the initial concentrations. In contrast, similar measurements reported in the literature [51] better fit the second-order model.
Other dye absorption measurements, such as methylene blue onto activated carbon [52] , reach saturation at C e = 50 mg/L and isotherms have to be modeled non-linearly. The adsorbent concentration in that experiment was five times smaller (0.2 g/L) than in ours.
When compared to the absorption of dye onto fly ash, this measurement was more stable, maintaining an average absorption of 91% for dye concentrations of 25 mg/L to 100 mg/L, whereas the measurement with ash shows an early saturation [53] . The removal of dye onto ash decreases from 98.7% to 69.1% when the initial dye concentration increases from 5 to 20 mg/L. Similarly, in this measurement, the first-order model more accurately describes the absorption vs. time.
The adsorption process reaches equilibrium after four days. Since there is no observed saturation, in the measured range the dominant process is chemical adsorption. Despite the linearity at the measured range, the high dependence on the temperature suggests a physicochemical interactions, as mentioned previously [42] .
Only two species of microalgae have been tested for the removal of the indigo blue (Spirulina platensis here and Scenedesmus quadricauda [15] ). Both were able to achieve removals between 90% and 100%. However, in both cases, the tests ran for three to four days, so experiments with other species are recommended to see if any can remove more dye in fewer days. Similarly, for methylene blue, Desmodesmus sp. has a 98.6% removal after six days [24] .
For other dyes and microalgae species, lower removal efficiency has been reported. For example, for AB-161 dye from tannery effluent, Scenedesmus sp. achieved a removal of 69.83% [41] . For malachite green, Cosmarium sp. has removal of 74% [26] .
Further work can be done in the future of scaling up these results. The process was planned solely for laboratory testing, as a proof of concept. It would be necessary to scale the algae to at least 1000 L, which is something that would imply explaining how the bioreactor in which it would grow would work. For example, the agitation of 3000 rpm was to incubate the algae with the dye; at large levels, this agitation would have to be replaced by aeration, which would make the process extremely expensive. Similarly, to achieve the maximum absorption at 50 • C of the dye would imply a high cost.
We also recommend investigating the influence of the number of lipids, proteins, and carbohydrates present in the microalgae and how these nutrients increase or decrease the load on the cell wall of the biomass. Funding: This work was financially supported by Tecnologico de Monterrey, Bioprocess Research Chair (0020209I13). Arisbe Silva-Núñez acknowledges CONACYT (México) for the support provided in the form of MSc studies' fellowship no. 888365.
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